1. Introduction {#sec1}
===============

As a natural solid biocomposite, bone has a unique hierarchical structural organization at multi-scales which contributes to the high strength and fracture toughness. It is considered that the excellent mechanical properties of bone come from the well-organized embedding of nano-mineral crystals within the collagen matrix to form the intricately and orderly hierarchical structure [@bib1].

Bone is composed of calcified bone matrix, cells and bioactive factors. Bone matrix contains around 65 wt. % mineral materials, 25 wt. % organic materials, and 10 wt. % water. The hydroxyapatite \[Ca~10~(PO~4~)~6~(OH)~2~, HA\] is the main inorganic mineral phase. The Ca/P ratio of HA is less than 1.67. There are some impurities such as CO~3~^2−2-^, Na^+^, Mg^2+^ and so on existing in natural HA. These impurities can lead to the poor crystallization, deficient calcium and carbonation of HA [@bib1]. Besides, many kinds of essential trace elements including silicon (Si), fluorine (F), zinc (Zn), strontium (Sr), magnesium (Mg), boron (B), and copper (Cu), sodium (Na), manganese (Mn), carbonate (CO~3~), potassium (K), chlorine (Cl) etc. present in biology bone, which play an important role in bone growth or can have an effect on bone metabolism [@bib2], [@bib3], [@bib4]. For instance, the studies have revealed that the silicon ions can induce angiogenesis and osteogenesis while taking too much Na^+^ may result in osteoporosis [@bib5], [@bib6]. Sr^2+^ can stimulate the bone-forming function of osteoblasts as well as inhibiting the bone resorbing function of osteoclasts [@bib7], [@bib8], [@bib9]. Mg^2+^ has an important role in angiogenesis by inducing nitric oxide production and can indirectly influence mineral metabolism [@bib3], [@bib10]. In bone matrix, the organic components consisting of proteins such as collagen are embedded within the calcified matrix. Up to now, over 28 types of collagen have been found in vertebrates and four types of collagen have been verified in bone including type I, III, V and XXIV collagen [@bib11]. Among them, type I collagen is the most abundant protein accounting for 97%. In type I collagen, five triple-helical collagen molecules arrange to form the collagen microsized fibril with a characteristic 67 nm banding feature which is called the D-period [@bib12], [@bib13].

Despite the structure of bone has been reasonably defined, there is not a well-agreed explanation of the mechanism of mineralization [@bib14]. Two theories of mineralization have been reported: direct nucleation of calcium phosphate mineral crystals [@bib15], and matrix vesicle mediated matrix mineralization [@bib16], [@bib17]. Moreover, some bone-related proteins and growth factors such as alkaline phosphatase (ALP), parathyroid hormone (PTH), osteocalcin (OCN), osteonectin (ON), osteopontin (OPN), bone sialoprotein (BSP), bone-morphogenetic protein-2 (BMP-2), and fibroblast growth factor-2 (FGF-2), etc. have been proved to have an effect of regulating essential matrix mineralization [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23].

Bone plays an important role in the body by supporting mechanical stress and maintaining ionic balance, while trauma or diseases such as tumor and osteoporosis may lead to bone damage. Bone defects resulted by non-union or mal-union fractures, congenital malformations and surgical resections remain a big challenge in the field of modern medicine. In this situation, finding the proper alternatives for reversing bone defects and regenerating the damage bone seems to be vital.

The most commonly used bone grafts in clinic is autologous and allogeneic bone but there still exists some problems such as infection, limited supply and allograft rejection. Apart from autologous and allogeneic bone, alternative bone graft materials such as metals, polymers and ceramics are applied to not only fill the bone defect but also provide mechanical and structural support.

There are five general therapeutic targets in bone regeneration including vascularization, growth factors, osteogenesis, osteoconductive scaffolds and mechanical environment, in which at least three of them should be completed for successful bone regeneration [@bib24], [@bib25], [@bib26], [@bib27]. Researchers usually focus on the osteoconductive scaffolds, osteogenic cells and the growth factors. Among them, scaffold has the largest renovation potential. As mentioned above, type I collagen is the main organic composition of biological bone and collagen fibrils serve as a template for mineralization. As one of the most commonly used scaffold material, collagens are found to have outstanding biodegradability, weak antigenicity after removal of telopeptides and excellent biocompatibility [@bib28], [@bib29]. Moreover, cells can attach to the surface of collagen via integrin α 2 β 1 [@bib30]. However, the pure collagen scaffold has insufficient mechanical strength for bone regeneration. Culturing the cells on them, the scaffolds will exhibit unstable geometrical properties due to the extensive cell-mediated contraction [@bib31]. In addition, it is considered that the pure collagen materials lack enough bioactivity to stimulate bone formation ability [@bib32]. The strategy of incorporating of bioactive component is still one of the most popular strategies to improve the mechanical strength, bioactivity and osteogenesis of collagen based scaffolds.

To the best of our knowledge, a large number of studies on collagen based composite scaffolds for bone regeneration have been reported. Though some reviews focus on the preparation, properties and applications of collagen based scaffold [@bib33], [@bib34], [@bib35]. While few focus on the materials used to incorporate the collagen scaffold. In view of the sustaining growing interests in the fabrication and application of collagen based composite scaffolds, our goal in this review is to summarize and categorize these composite scaffolds. To accomplish this, the materials used to incorporate are divided into three major categories: bioceramics, carbon-based materials and polymers. The impacts brought by these materials are summarized and the examples are demonstrated. In the end, the limitations and future trends of collagen composite scaffolds for bone regeneration were also summarized.

2. Collagen based composite scaffolds for bone regeneration {#sec2}
===========================================================

Since the regeneration ability of bone and the resource of bone grafts are limited, in order to deal with this problem or accelerate the healing process, a wide variety of collagen-based scaffolds mimicking the native bone tissue microenvironment have been proposed. Diverse materials are applied to modify collagen-based scaffolds for better performances *in vitro* and *in vivo*. In this section, they are introduced by separating them into three major categories including bioceramics, carbon-based materials and polymers.

2.1. Collagen based composite scaffolds with bioceramic components {#sec2.1}
------------------------------------------------------------------

Due to poor mechanical strength of pure collagen scaffold, some kinds of bioceramics with the similar constituent to the intrinsic inorganic components of nature bone are widely used in collagen scaffolds for bone regeneration. Apart from the enhancement of mechanical properties, they can also improve osteoconductive ability, dimensional stability and increase the surface area for cell attachment on the composite scaffolds [@bib36], [@bib37]. Two methods are widely applied to fabricate collagen/bioceramic composite scaffolds: suspension method (direct mixing) [@bib38] and immersion method (co-precipitation) [@bib39], [@bib40]. Moreover, HA crystals can be deposited to form thin HA coatings on the scaffold after soaking in simulated body fluid (SBF). This way is more like a biomimetic process [@bib41], which can mimic the biochemical and biophysical properties of bone matrix. The 'biomimetic' scaffolds are expected to take the place of the missing bone. In this section, the related studies about the collagen-based composite scaffolds with incorporation of calcium phosphate (CaP) bioceramics and calcium silicate (CaSi) bioceramics, have been summarized and discussed, respectively.

### 2.1.1. With calcium phosphate (CaP) based bioceramic components {#sec2.1.1}

#### 2.1.1.1. Hydroxyapatite \[Ca~10~(PO~4~)~6~(OH)~2~, HA\] {#sec2.1.1.1}

HA is the most commonly used calcium phosphate with the molar ratio of Ca/P = 1.67. Moreover, the biology bone is mainly constructed by the inorganic HA and organic collage components. In addition, these two components possess great biocompatibility, osteoconductivity and bone-bonding ability [@bib42], [@bib43], [@bib44]. Therefore, the collagen/HA composite biomaterial scaffolds have been extensively investigated and used for bone tissue engineering scaffolds. The mechanical strength of pure collagen scaffolds is extraordinarily low, which immensely limits their wider applications in tissue regeneration. The compressive modulus of collagen scaffold can be apparently improved by incorporating HA, and the degree of increase is largely related to the concentration of collagen, the amount of HA, the composite methods and the crosslinking methods [@bib45]. In addition, the surface area of the collagen scaffolds can be increased by combining HA, which will lead to incremental cellular adhesion [@bib46]. Comparing with micro-sized HA component, nano-sized HA particles can be more effectively because of their larger surface area. Moreover, another point that cannot be ignored is that apatite can form direct chemical bonds with the host bone tissue. This characteristic will result in faster and better bone-bonding between the scaffolds and the neighboring host bone tissue with HA component. Cells will proliferate better and show enhanced bioactivity on rough surfaces [@bib47], therefore scaffolds containing HA have higher cellular proliferation than the scaffolds without HA component [@bib46]. Some researchers found micron-sized HA particles might lead to poor resorbability, irregular distribution and brittle constructs of the composite scaffold [@bib48]. Cunniffe et al. [@bib42] raised the proposal of using incorporating nano-sized HA (nHA) particles into collagen scaffolds. The resultant collagen/nHA scaffolds showed highly porous, interconnected structure and the compressive modulus of scaffold increased by 18 times by adding 500 wt.% nHA by the suspension method. Moreover, after seeding the MC3T3-E1 cells for 7 days, the composite scaffold showed deep penetration of cells and cells distribute more evenly comparing with the pure collagen scaffold.

Up to now, three methods have been used to prepare collagen/nHA scaffolds including: direct blending, SBF immersion and co-precipitation. Compared with nonuniform distribution of HA in direct blending and the slow and uncontrollable process of HA formation in SBF, spontaneous co-precipitation of collagen fibrils and nano-HA is considered as a promising way to achieving the same hierarchical structure of bone [@bib49]. The process of nucleation of HA nanocrystals onto collagen fibers is achieved in an aqueous suspension which containing high concentration of Ca^2+^ and PO~4~^3-^ in a certain ratio and triggered by raising pH of collagen solution to 9--10 at room temperature. The chemical interaction between HA and collagen results in the c-axes of blade-shaped HA nanocrystals aligning along collagen fibers which is similar to bone [@bib50].

It has mentioned that the HA in nature often has chemical substitutions such as sodium, magnesium, carbonate and citrate ions. Considering Mg^2+^ has the regulating effect on bone formation process, some researchers prefer choosing magnesium-enriched HA (Mg-HA) as the inorganic component [@bib51]. Calabrese et al. [@bib44] isolated human MSCs from adipose tissue and seeded them on collagen/Mg-HA composite scaffolds. The results of Alizarin red staining and the expression of representative osteogenic markers suggested that collagen/Mg-HA composite scaffolds were capable of inducing loaded MSCs to differentiate toward osteocyte even in the absence of osteoinductive factors. In order to investigate the effect derived from HA component *in vivo*, Calabrese et al. [@bib52] developed a bilayer scaffold. The first layer was made of pure type I collagen and the second layer was made of collagen/Mg-HA ([Fig. 1](#fig1){ref-type="fig"}a). The scaffold was implanted into mice without loading cells and the ability of recruiting host cells could be seen clearly from the result of immunofluorescence staining. Hematoxylin and eosin (H&E) staining at weeks 4 showed the mineralization of the collagen/MHA layer was earlier, faster and completer than that of collagen layer ([Fig. 1](#fig1){ref-type="fig"}b). Besides, the result of Alizarin red staining indicated the calcium deposits were mainly in the collagen/Mg-HA layer [@bib52]. Minardi et al. [@bib53] found collagen/Mg-HA can mimic the hypoxic conditions of the osteogenic niche. This condition could inhibit cell growth and maintain the cells in a quiescent state which contributed to an efficient tissue reconstitution.Fig. 1(a) SEM imaging of the bilayer scaffold. (b) H&E staining pictures within the implanted scaffolds at weeks 4. The dotted white line indicates the interface between scaffold layers. The upper half is the pure collagen layer and the bottom half is the collagen/Mg-HA layer [@bib52].Fig. 1

The similar phenomenon also exists in applying Zn-doped HA/collagen scaffold as bone substitution. As mentioned above, Zn has the effect of stimulating cell proliferation and osteogenesis-related gene expression. Yu et al. [@bib54] synthesized Zn-doped mesoporous HA microspheres to modify the collagen scaffold (Zn-MHMs/Collagen scaffold). Compared with MHMs/Collagen scaffold, the Zn-MHMs/Collagen scaffolds with Zn/(Zn + Ca) molar ratio of 0.05 showed significant higher osteogenic activity *in vitro* and nearly double bone volume to total volume ratio and trabecular number in rat model.

In addition, the biological HA in natural bone contains about 7.4 wt.% carbonate [@bib55]. It is reported that higher carbonated minerals often means higher osteoconductivity and earlier bioresorption due to the increased solubility. Liao et al. [@bib56] fabricated nano-carbonated HA/collagen composites by co-precipitation method. With the increase of the concentration of carbonate, they found the crystal morphologies also changed from plate-like to needle-like, and then to spherical particles.

After years of exploration, collagen/HA composite scaffolds with isotropic equiaxed structures or unidirectionally interconnected pores and controllable micropore structures can be well fabricated [@bib40], [@bib57], [@bib58]. With the development of three-dimensional (3D) printing technology, desired exterior outline can be made to fit the bone defect. But it is still impossible to mimic the intricate intrinsic internal patterns of the nanocrystalline assembly and collagen fibrous scaffold structure of bone matrix. As research continues, the process of bone mineralization is hopeful to be fully understood and this problem may be smoothed out.

#### 2.1.1.2. β-tricalcium phosphate \[β-Ca~3~(PO~4~)~2~, β-TCP\] {#sec2.1.1.2}

As another representative calcium phosphate bioceramics, β- TCP has been widely used as bone substitutes for many years due to its good osteoconductivity, biocompatibility and biodegradability both *in vitro* and *in vivo*. The Ca/P ratio of β-TCP is 1.5. It can not only improve cellular adhesion but accelerate their differentiation and proliferation ability [@bib59]. Some scholars have prepared β-TCP based scaffolds for bone regeneration [@bib60]. Compared with HA, β-TCP has a faster degradation rate and can be completely replaced by newly formed bone tissues [@bib61].

With weight ratio of collagen solution to the β-TCP powder at 9:1, the compressive module of composite scaffold was about three times higher than that of collagen scaffold no matter loading cells or not. By measuring swelling ratio and variation of pore size at different time, they found the composite scaffold almost kept constant while the collagen scaffold obviously increased, suggesting that the β-TCP can enhance the structural stability of collagen scaffold and maintain the cell permeation and proliferation [@bib62]. Moreover, due to the osteoconductive capabilities of β-TCP, the expressions of all osteoblastic markers of the composite scaffolds were much higher than those of the pure collagen scaffold. *In vivo*, Zheng et al. [@bib63] used Cerasorb$\text{R}$ Ortho Foam, a kind of collagen/β-TCP composites, as bone void filler in the critical size defects of rabbit distal femoral condyle model. The result showed simultaneous resorption of the void filler and bone formation in the defect without toxic reaction, immunological rejection, and thermal interactions with the bone ([Fig. 2](#fig2){ref-type="fig"}). The authors proposed that the incorporation of β-TCP into collagen had a synergistic effect on bone healing. In addition, the composite material supports better contact to the surrounding bone tissue by swelling of the collagen component [@bib63].Fig. 2X-ray pictures of the bone healing process of rabbit distal femoral condyles after surgery. (a) Treated with Cerasorb Ortho Foam. (b) The control group with an empty defect. The red circle indicates drilled holes. Scale bars equal to 1 mm [@bib63].Fig. 2

Murakami et al. [@bib64] investigated the dose effects of β-TCP on the mechanical and biological properties of collagen scaffolds *in vitro* and *in vivo*. They found that higher dose of β-TCP nanoparticles resulted in higher mechanical stiffness and larger amount of Ca^2+^ ions released *in vitro* and better neovascularization *in vivo*. But too much Ca^2+^ ions caused by excessive dose in the bone-forming field might suppress the proliferation of cells and limit bone formation. They recommended the optimal dose of β-TCP ranged from 5 to 10 wt. %.

With different proportions of HA and β-TCP, biphasic calcium phosphate (BCP) is the mixture which combines the stability of HA with the biodegradability of β-TCP. Different biodegradation rates could be achieved by changing the proportion of the composition phases [@bib65]. However, few papers reported about the collagen-based composite scaffold containing BCP for bone regeneration. It is hopeful to use BCP to modify the collagen scaffold.

### 2.1.2. With calcium silicate (Ca-Si) based bioceramic components {#sec2.1.2}

Bioactive glasses (BGs) are a group of silica-based osteoconductive and osteoinductive glass biomaterials containing SiO~2~-CaO-P~2~O~5~ networks. BGs have shown good biocompatibility both in bone and in soft tissue [@bib66]. It is reported that the bioactivity level of BGs is superior to CaP based bioceramics due to the high surface reactivity. When implanted *in vivo*, they release Na^+^, Ca^2+^, as well as soluble silica (presumably Si(OH)~4~) during the degradation process [@bib67]. These ions stimulate osteogenesis by triggering the cellular proliferation and osteogenic differentiation. Through promoting the expression of gene RCL (a c-Myc responsive growth related gene) and gene CD44, BGs can induce osteoblast proliferation and differentiation. Besides, it can also regulate extracellular matrix remodeling as well as cell-cell and cell matrix attachment [@bib68]. With the formation of silanol functional group (Si-O-H), it can bind directly with living tissues and improve the mineralization process by providing active sites for deposition [@bib66], [@bib69]. Other than osteogenesis, it has been widely accepted that the BG (Bioglass 45S5^®^) approval by U.S. Food and Drug Administration (FDA) can also induce angiogenesis both *in vitro* and *in vivo* [@bib70], [@bib71]. By incorporating BGs into collagen scaffold, it is expected to improve the osteogenic and angiogenesis activity as well as the stiffness when implanted *in vivo*. It has been found that the release of Ca, P and Si from BG will cause the supersaturation of Ca and P, which will precipitate on the surface of the implants in the form of Ca--P crystals. Through a dehydration process, amorphous crystals will transform into hydroxycarbonate apatite (HCA) [@bib72]. As mentioned above, compared with microsized fillers, the incorporation of nanosized inorganic particles can improve the mechanical properties and osteoconductive ability of the composites to a higher extent and this strategy is also suitable for BGs [@bib73], [@bib74].

Hsu et al. [@bib75] fabricated collagen/mesoporous bioactive glass nanofibers scaffold (CM) and collagen scaffold (COL) by freeze-drying method. The addition of BG nanofibers limited the shrinkage the scaffold during the cross-linking process and resulted in double the pore size and lower compressive modulus than the COL scaffold. Comparing the two scaffolds soaked in 1.5 × SBF for 7 days, they found the incorporation of mesoporous BG nanofibers can significantly improve its apatite formation ability. However, they found mesoporous bioactive glass nanofibers will inhibit the attachment and proliferation of MG63 cells on CM scaffold. Although CM scaffold had lower compressive strength, Marelli et al. [@bib76] found after conditioning in SBF for 7 days, the compressive modulus of COL/nano-sized BG scaffold was over 16 times than COL scaffold. Moreover, the high concentration of local Ca^2+^ released by BG could stimulate osteoblasts in the proliferation state to switch to the differentiation state. The higher protein expression of ALP, BSP and OCN on the COL/BG scaffold than COL scaffold also proved that the ionic dissolution products of BGs had the up-regulation effect on cellular osteoblastic differentiation by membrane-mediated ion transfer [@bib77], [@bib78]. Much more newly formed bone could be observed in the scaffolds with BG component after implantation into Sprague--Dawley (SD) rats ([Fig. 3](#fig3){ref-type="fig"}), which indicated that the incorporation of BGs into collagen scaffolds could improve the bioactivity and osteogenesis *in vivo* [@bib75].Fig. 3Fluorescence microscopy images of the bone defect of SD rats after implantation. (a, b): 4 weeks, (c, d): 8 weeks. At week 4, newly formed woven bone had been found beside CM scaffold while no newly formed bone was found in COL scaffold. Larger amount of newly formed bone can be observed in CM scaffold than that in COL scaffold. TC: tetracycline, XO: xylenol orange. WB: woven bone. BT: bone tissue, FT: fibrous tissue [@bib75].Fig. 3

Other than BGs, the silicon containing bioceramics such as wollastonite (CaSiO~3~, CS) possess excellent bioactivity and biocompatibility, and can rapidly induce the deposition of bone-like apatite on their surface after soaking in SBF [@bib79], [@bib80], [@bib81], [@bib82], [@bib83]. Similar to BGs, CS can also release Si and Ca ions to stimulate cellular proliferation and osteogenic differentiation, and also stimulate the bone regeneration ability [@bib84], [@bib85], [@bib86], [@bib87]. Most importantly, the angiogenesis ability of the scaffold can be promoted as well [@bib88], [@bib89]. In addition, the addition of CS could enhance the mechanical strength of the collagen scaffolds [@bib80], [@bib90]. The similar results were also confirmed by Zhang et al. [@bib91]. The Young\'s modulus of wet COL/CS nanowire hybrid scaffolds reached nearly three times of Col scaffold. Above all, when hMSCs were cultured on the two scaffolds, the proliferation rate and the osteogenic gene expression level of hybrid scaffold were significantly higher than those of COL scaffold. However, there still needs more investigations about the bioactivity, immunogenicity and osteogenesis of collagen/CS scaffolds when implanted *in vivo*.

2.2. Collagen based composite scaffolds with carbon-based components {#sec2.2}
--------------------------------------------------------------------

### 2.2.1. Carbon nanotubes (CNTs) {#sec2.2.1}

CNTs are a macromolecular form of allotropes of carbon which possess a cylindrical nanostructure with extremely aspect ratio and low density. The aspect ratios of single-walled carbon nanotubes (SWCNTs) are often over 100 [@bib92]. As one of the strongest and stiffest materials, CNTs have aroused massive attention since they were discovered for the extraordinary mechanical properties, chemical durability, thermal properties and nontoxicity to cells at a low concentration [@bib93], [@bib94], [@bib95]. It has been reported that cells can strongly adhere and proliferate on CNTs [@bib96], [@bib97], [@bib98]. Zanello et al. [@bib97] found neutrally charged CNTs had good bone-tissue compatibility and could sustain osteoblast proliferation and bone-forming functions. Furthermore, Usui et al. [@bib99] has proved that CNTs could closely integrate with bone tissue and accelerate bone repair. They also found this effect is in response to rhBMP-2. Based on these excellent characteristics, it is expected to improve the mechanical strength and osteoinductivity of collagen scaffolds by the incorporating of CNTs. Kim et al. [@bib13] investigated the mechanism of collagen--CNTs interaction and hypothesized CNTs could align along the side of the collagen molecules which would elongate the D-period and decrease the apex. Freeze drying method is widely used to fabricate collagen based composite scaffolds with SWCNT [@bib100]. As expected, the tensile strength and the stress resistance of the collagen/SWCNT composite scaffold were significant higher than pure collagen scaffold. In addition, the bone-like apatite deposition ability and structure stability of the collagen scaffold could be improved after incorporation of SWCNTs. The study of Baktur et al. [@bib101] indicated that the incorporation of MWCNTs into collagen could improve osteogenic differentiation of MSCs by increasing the expression of ALP.

### 2.2.2. Graphene oxide (GO) {#sec2.2.2}

GO is a graphene monolayer with extraordinary elastic modulus, large surface area, great dispersibility and hydrophilicity [@bib102]. It has been reported that GO can promote biological interactions by many surface functional groups such as carboxylic groups which exist at its edges and the phenol hydroxyl and epoxide groups located on its basal plane [@bib103], [@bib104]. Some reports demonstrated that different kinds of mesenchymal stem cells could strongly adhere and proliferate at a fast rate on GO. Moreover, GO could also augment differentiations of these cells, which including stimulating osteogenic differentiation of human hMSCs [@bib105], [@bib106], [@bib107]. GO has been applied as the reinforcement agent in many composite. Moreover, GO has been previously reported to have cytotoxicity, but it did not cause cytotoxicity when incorporated into collagen scaffolds [@bib108], [@bib109]. As for collagen scaffold, GO could be used in a collagen-gelatin film for accelerating wound healing [@bib104]. Inspired by this strategy, Kang et al. [@bib109] fabricated GO-collagen (GO-COL) scaffold crosslinked by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) ([Fig. 4](#fig4){ref-type="fig"}). Compared with pure collagen scaffold and collagen/GO scaffold without EDC, the elastic modulus of GO-COL scaffold was over double. Due to the increased FAK activation and cytoskeletal tension, the growth rate of hMSCs cultured on the GO-COL scaffold nearly doubled. Furthermore, the GO addition significantly promoted cellular osteogenic differentiation through the higher expression of ALP and OP. This was because of the increased focal adhesion formation and more active FAK and ERK pathways caused by the enhancive matrix stiffness [@bib110], [@bib111].Fig. 4A schematic illustrating the covalent conjugation of the carboxyl groups of GO flakes to the amine groups of the collagen scaffolds.Fig. 4

2.3. Collagen based composite scaffolds with polymer components {#sec2.3}
---------------------------------------------------------------

### 2.3.1. Natural polymer components {#sec2.3.1}

Some naturally derived polymers such as glycosaminoglycans (GAGs) and silk fibroin are often used in collagen based composite scaffolds. GAGs, including chondroitin sulfate (CS), hyaluronan, heparin sulfate, dermatan sulfate, keratan sulfate, etc. are important multifunctional components of the ECM which can bind with growth factors and cytokines [@bib112]. CS is a naturally sulfated GAG existing in cancellous and cortical bone. It can be used as coating material to improve the binding of osteoblasts and osteoclasts to the materials and attract growth factors onto materials and cell surfaces [@bib113]. Hyaluronan is the only non-sulfated glycosaminoglycan and plays an important role in lubrication, water sorption and water retention [@bib114], [@bib115]. In bone, hyaluronan has the effect of recruiting osteoblast precursor cells from the bone marrow as well as regulating bone remodeling by controlling behaviors of osteoclast, osteoblast and osteocyte and being involved in the osteogenic differentiation of MSCs [@bib116], [@bib117]. Collagen/GAGs scaffolds have been widely investigated for various tissue engineering such as skin, peripheral nerve, tendon, and cartilage [@bib118], [@bib119], [@bib120], [@bib121]. It has been found that GAGs attached to the collagen fibrils can increase the proliferation and migration of cells [@bib122]. In addition, the GAG has also been found to reduce the degradation rate and improve the structural stability of the COL/GAG matrix [@bib122], [@bib123]. There still exists a debate that whether the presence of GAGs could inhibit the hydroxyapatite crystal growth, but most studies denied this effect [@bib124], [@bib125], [@bib126], [@bib127], [@bib128].

Farrell et al. [@bib129] found COL-GAG (CG) scaffold could provide a suitable 3-D environment for the osteogenic differentiation of MSCs with the stimulating effect of osteogenic factors. Without addition of progenitor stem cells or exogenous growth factors, CG scaffolds can also be used for bone tissue regeneration [@bib130], [@bib131], [@bib132]. Alhag et al. [@bib128] reported the amount of new bone within the 5-mm rat calvarial defect was significantly higher in the cell-free CG scaffolds than that in the cell-seeded scaffolds, which was due to the inflammation reaction and premature scaffold degradation induced by MSC-seeded scaffolds. To achieve greater mechanical stiffness and the presence of the mineral phase, Ren et al. [@bib133] fabricated nanoparticulate mineralized CG scaffold and implanted it in critical sized rabbit cranial defects. The result showed the defects healed after 12 weeks ([Fig. 5](#fig5){ref-type="fig"}a) and more mineralized content was observed in nanoparticulate mineralized scaffold ([Fig. 5](#fig5){ref-type="fig"}b).Fig. 5a) Cranial defects with 14 mm in diameter were created in the parietal bones by a hand powered trephine. Initial defect before implantation (top) and 12 weeks after implantation of nanoparticulate mineralized collagen/GAG scaffolds (bottom) cranial defects are shown. b) Representative three-dimensional reconstructions of the CT scans of two kinds of scaffold with cross sections are shown [@bib133].Fig. 5

As a model candidate material for tissue engineering scaffold, silk fibroin is mass-reproducible and possesses desirable mechanical properties. Wang et al. [@bib134] fabricated the collagen-silk fibroin/hydroxyapatite (COL-SF/HA) scaffolds and implanted the BMSCs-seeded scaffolds into bone tunnels of Wistar male rat. The histological analysis results showed the percentage of new bone formation of COL-SF/HA scaffolds after 8 weeks of implantation was almost two times of the COL/HA scaffold, which indicated that silk fibroin can largely improve the osteogenesis ability of COL/HA scaffold.

### 2.3.2. Artificial polymer materials {#sec2.3.2}

Apart from these natural polymer materials mentioned above, there are a lot of biodegradable polymers such as polycaprolactone (PCL), poly (glycolic acid) (PGA), poly (lactic acid) (PLA), poly (vinyl alcohol), poly (ethylene terephthalate), etc. have been widely applied to fabricate collagen based scaffolds for bone regeneration [@bib135], [@bib136], [@bib137], [@bib138], [@bib139], [@bib140], [@bib141]. These materials can be used as the base component of scaffolds alone just like collagen as well as the enforcement component of collagen scaffold. For example, Weisgerber et al. [@bib142] prepared a multi-scale composite with the mineralized COL/glycosaminoglycan (CGCaP) scaffold and a PCL support frame. The CGCaP scaffold provided micron-scale porosity while the PCL support frame provided the millimeter-scale porosity. With the addition of PCL working as the load bearing component, the elastic modulu of CGCaP-PCL scaffold was 6000-fold in comparison of CGCaP scaffold and reached to 6.8 ± 0.4 MPa.

Similarly, Wang et al. [@bib143] developed macroporous PCL framework by rapid prototyping technology and incorporated collagen scaffold with microporous networks. After the deposition of HA by biomimetic mineralization, HA-Col-PCL composite scaffold with unique nano−micro−macro hierarchical structure was formed. The composite construct with custom-made shape had similar compressive modulus similar to cancellous bone and outstanding osteogenesis to promote rapid bone regeneration in rabbit radius.

Hiraoka et al. [@bib144] found that incorporation of PGA fiber allowed the compression modulus of collagen sponge to increase over six-fold with the weight ratio of collagen to PGA fiber at 0.2. Moreover, PGA incorporation could suppress the shrinkage of collagen sponge when submerged in SBF, therefore the number of mouse fibroblast L929 cells attached increased and cells could infiltrate more deeply. Due to the inflammatory response induced by the high level of PGA fiber, it is suggested the best collagen to PGA weight ratio is 0.8. Fujita et al. [@bib138] reported the ALP activity of rat bone marrow stromal cells (RBMSCs) seeded on collagen/PGA scaffold irradiated by ultraviolet rays was higher than the composite scaffold without irradiation. Furthermore, the addition of basic fibroblast growth factor (bFGF) and dexamethasone (Dex) in primary medium could respectively promote the proliferation and differentiation of RBMSCs seeded on the composite scaffold.

Most artificial polymers are hydrophobic while collagen is hydrophilic, which lead to the weak interaction between them. To deal with this problem, Liu et al. [@bib145] treated PLA fiber with diamine and glutaraldehyde to prepare surface-activated PLA fiber. The compression modulus of the collagen/surface-activated PLA scaffold was much higher than the collagen/untreated PLA scaffold, which was due to the chemically bonding between surface-activated PLA fiber and collagen macromolecule. Moreover, the hydrophilicity of the activated surface of PLA fiber also increased the cellular attachment and dispersion.

3. Conclusions and future perspectives {#sec3}
======================================

As we have mentioned above, collagen scaffolds can be modified by diverse materials in order to improve the mechanical and biological properties in bone regeneration field. As the basic component, collagen contribute to the biocompatibility, hydrophilicity, porosity, biodegradability and osteoconduction. Bioceramics working as the mineral component can improve the osteoinduction, osteointegration and mechanical properties. CNT, GO and polymers are expected to improve the mechanical properties and structural stability.

In recent years, aimed at achieving the synthetic property of multiple compound modifications, more and more researchers have begun to apply more than one material to combine with the collagen scaffold. In addition, there are a lot of scaffolds loading with various cells such as osteoblasts, MSCs, embryonic stem cells (ESCs), pre-osteoblasts (MC3T3), and adipose derived stem cells (ADSCs) as well as biofactors such as BMP, transforming growth factor beta (TGF-β), insulin-like growth factors (IGF), vascular endothelial growth factor (VEGF), insulin, platelet-derived growth factors (PDGF), fibroblast growth factors (FGF), bisphosphonates, denosumab and nucleic acids (DNA, mRNA), etc. being investigated for bone regeneration. The cells can be separated into osteoblasts, preosteoblasts and stem cells. The biofactors can be divided into chemical drugs, proteins (growth factors and cytokines), and nucleic acids, etc. These chemical drugs and proteins can promote osteogenesis and angiogenesis of the scaffold by many signal pathways. For example, TGF-β induces osteogenic differentiation via PI3K, SMAD 2/3 and RhoA pathways and FGF-2 and BMP-2 can provide synergistic effects of differentiating MSCs into osteoblasts by activating RAS/RAF/MEK/MAPK and SMAD pathways.

The injectable collagen hydrogel scaffolds are often used as the delivery platform because collagen hydrogel can swell without disintegrating and the hydrophilic biofactors can incorporated into the hydrophobic collagen molecules. The degradation rate of collagen composite scaffolds can be changed by altering the proportion of different components, thereby the release rate can be controlled. Unlike chemical drugs and proteins, ncleic acids can encode these growth factors that promote bone growth. The strategy of combining the tissue engineering scaffolds with gene therapy provides a powerful and useful tool to enhance the bone regenerative process and helps people to understand the biology of bone tissue regeneration.

Up to now, a variety of collagen composite scaffolds for bone regeneration have been investigated *in vitro*. But there still lack of thorough experiments *in vivo* to validate the utility of these scaffolds. Moreover, fabricating composite scaffold which can meet all the desired properties including porosity, pore size, biocompatibility, mechanical integrity, structure stability, osteoconductivity and osteoinductivity to achieve optimal bone regeneration is still a challenge. Besides, no method can be used to fibracate collagen scaffold which completely mimic the complex internal and external multi-level hierarchical structures of nature bone. With the development of bioprinting technology, gene therapy and biomimetic mineralization, the successful clinical use of composite collagen scaffold for bone regeneration is just around the corner.
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